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Age is a risk factor for human estrogen receptorepositive breast cancer, with highest prevalence following
menopause. While transcriptome risk profiling is available for human breast cancers, it is not yet developed
for prognostication for primary or secondary breast cancer development utilizing at-risk breast tissue. Both
estrogen receptor a (ER) and aromatase overexpression have been linked to human breast cancer. Herein,
conditional genetically engineered mouse models of estrogen receptor 1 (Esr1) and cytochrome P450 family
19 subfamily A member 1 (CYP19A1) were used to show that induction of Esr1 overexpression just before or
with reproductive senescence and maintained through age 30 months resulted in significantly higher
prevalence of estrogen receptorepositive adenocarcinomas than CYP19A1 overexpression. All adenocarci-
nomas tested showed high percentages of ERþ cells. Mammary cancer development was preceded by a
persistent proliferative transcriptome risk signature initiated within 1 week of transgene induction that
showed parallels to the Prosigna/Prediction Analysis of Microarray 50 human prognostic signature for early-
stage human ERþ breast cancer. CYP19A1mice alsodeveloped ERþmammary cancers, but histologywasmore
divided between adenocarcinoma and adenosquamous, with one ERe adenocarcinoma. Results demonstrate
that, like humans, generation of ERþ adenocarcinoma in mice was facilitated by aging mice past the age of
reproductive senescence. Esr1 overexpression was associated with a proliferative estrogen pathwayelinked
signature that preceded appearance of ERþmammary adenocarcinomas. (Am J Pathol 2023, 193: 103e120;
https://doi.org/10.1016/j.ajpath.2022.09.008)
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Prevalence of human estrogen receptor a (ER)epositive
breast cancer increases with age following menopause.1

Associated risk factors include estrogen exposure, either
endogenous or exogenous, increased aromatase levels in
the breast, and increased ER expression levels in mammary
epithelial cells.2e5

Several gene expressionebased prognostic panels are
available to assist both younger and older patients with
breast cancer in choosing therapeutic options, including the
Prosigna/Prediction Analysis of Microarray (PAM) 50
profile targeted toward use for early-stage ERþ breast can-
cer.6,7 Eventually, transcriptome-based assays may have a
stigative Pathology. Published by Elsevier Inc
role in predicting the likelihood of a primary breast cancer
initiating within breast epithelium.8e10

Genetically engineered mouse models (GEMMs) offer
the opportunity to investigate the impact of specific mo-
lecular perturbations within the context of regular lifespan
events, including aging and reproductive senescence.11,12
. All rights reserved.
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Conditionally targeted overexpression of both estrogen re-
ceptor a [estrogen receptor 1 (Esr1)] and aromatase [cyto-
chrome P450 family 19 subfamily A member 1 (CYP19A1)]
in mouse mammary epithelial cells before reproductive
senescence results in generation of increased prevalence of
preneoplasia and mammary cancer.13e16 Although the
prevalence of preneoplasia before reproductive senescence
is high in these models, the development of adenocarcinoma
is much lower, with a significant percentage of triple-
negative adenocarcinomas or low percentage of ERþ cells.
One impetus for this study was to experimentally test
whether postponing induction of Esr1 and CYP19A1 to age
12 months and then following the mice past reproductive
senescence until age 30 months would result in an increased
prevalence of ERþ adenocarcinoma with high proportions
of ERþ cells, as is seen in women with aging after meno-
pause.1,2 A second goal of the study was to determine
whether the molecular pathogenesis of mammary cancer
generation in the mice paralleled human disease at the
transcriptional level. Because there are relatively few studies
available that focus on transcriptional risk profiles of human
breast tissue before breast cancer generation, exploratory
comparisons were made to a prognostic profile for early-
stage ERþ breast cancer Prosigna/PAM50.6,8

In women, it can be arduous to obtain breast tissue before
breast cancer development. Moreover, few funding in-
stitutions can afford studies that enroll women well before
breast cancer generation and follow them through aging and
menopause. Cross-sectional studies are more frequent.17

Polygenic risk score linked higher scores to higher counts
of terminal duct lobular units, thought to represent anatomic
structures originating breast cancer.18 An advantage of
GEMM studies is the ability to follow disease pathogenesis
from early through late stages at both tissue pathology and
molecular levels.19,20

There are challenges to aging mice through 30 months of
age related to the increased rate of cohort loss that accom-
panies aging and the need for more intense monitoring of
their health after 15 months of age.21 Expense increases and
challenges with historical data are cited as reasons for
focusing studies on younger mice, even when age is a cited
experimental variable.22 Age 23 months was the oldest age
studied in a study of aging mammary gland morphology
focusing on a substrain of FVBN mice (FVB/N-RC).23 A
strength in planning this study included the fact that the
GEMMs utilized were repeatedly studied in the context of
different genetic, chemical, and therapeutic interventions
over many years, providing reproducible reference data at
younger ages.13e16,24e27

Materials and Methods

Mouse Models

The animal research protocol was approved by the Geor-
getown University (Washington, DC) Institutional Animal
104
Care and Use Committee, and all regulations concerning the
use of animals in research were followed in all experiments
performed for this study. Mouse mammary tumor
virusereverse tetracyclineecontrolled transactivator/Tet-
operator (tet-op)eEsr1 and mouse mammary tumor
virusereverse tetracyclineecontrolled transactivator/tet-
opeCYP19A1 mice on a C57Bl/6 background were bred in
the Georgetown University Department of Comparative
Medicine facility and genotyped at weaning (Transnetyx,
Inc., Cordova, TN). Cohorts were filled by sequentially
distributing genotyped mice from different litters into the 16
cohorts studied herein. All cohorts were raised on Depart-
ment of Comparative Medicine standard laboratory mouse
chow until 12 months of age. Dependent on cohort
assignment, mice were either maintained on Department of
Comparative Medicine standard laboratory chow
throughout the experiment or changed to a diet containing
200 mg doxycycline per kilogram food (Bio-Serv, Fle-
mington, NJ) for transgene induction at age 12 or 18
months. Euthanasia was conducted according to the
approved animal protocol using CO2 inhalation followed by
cervical dislocation. All mice were individually followed up
for disease development or spontaneous cage death as they
were aged to end points 12, 18, 24, and 30 months of age.
Mice were euthanized before experimental end points, ac-
cording to the approved research protocol for pain/distress/
infection unresponsive to treatment, severe lethargy or
weakness, severe neurologic signs, severe respiratory
distress, total tumor burden >2 cm, weight loss �15% of
body weight, or wounds refractory to treatment. Cage deaths
were unpredicted spontaneous deaths lacking an identifiable
cause. Initial cohort size was determined utilizing estab-
lished predicted survival rates until planned end points (eg,
age 12 months: 95% survival; age 18 months: 90% survival;
age 24 months: 50% survival; and age 30 months: 10%
survival) and designed for the numbers of mice desired at
the projected end point age (age 12 months: n Z 15; age
12.25 months: n Z 5; age 18 months: n Z 20; age 18.25
months: nZ 5; age 24 months: nZ 20; and age 30 months:
n Z 15). Numbers of mice for each genotype actually
entered into each cohort with numbers retained until end
point age (percentage), loss for spontaneous cage, or early
necropsy are as follows: Esr1 age 12 months entered
n Z 17, end point n Z 17 (100%); age 12.25 months
entered n Z 7, end point n Z 6 (86%), early necropsy
n Z 1; age 18 months entered n Z 24, end point n Z 22
(92%), cage death n Z 2; age 18.25 months entered n Z 8,
end point n Z 5 (63%), cage death n Z 2, early necropsy
n Z 1; age 24 months no transgene induction n Z 40, end
point n Z 26 (65%), cage death n Z 9, early necropsy
n Z 7; age 24m with 6m transgene induction n Z 41, end
point n Z 25 (61%), cage death n Z 11, early necropsy
n Z 5; age 24m with 12m transgene induction n Z 50, end
point n Z 25 (50%), cage death n Z 12, early necropsy
n Z 13; age 30m with 18m transgene induction entered
nZ 126, end point nZ 18 (14%), cage death nZ 54, early
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Figure 1 Age and reproductive senescence in mice induce a shift toward simpler secondary mammary gland branching structures. A: Representative
mammary gland whole mount image of secondary gland in a mouse estrogen receptor 1 (estrogen receptor a; Esr1) mouse at age 30 months (m). B:
Representative mammary gland whole mount image of tertiary branching in an Esr1 mice at age 30m. C: Representative mammary gland whole mount image of
secondary branching in a human cytochrome P450 family 19 subfamily A member 1 (aromatase; CYP19A1) mice at age 30m. D: Representative mammary gland
whole mount image of tertiary branching in a CYP19A1 mice at age 30m. E: Bar graphs showing relative percentages of Esr1 mice with secondary versus tertiary
branching on whole mount analyses from cohorts without transgene induction (end points: age 12m n Z 17, age 18m n Z 22, age 24m n Z 26). F: Bar
graphs showing relative percentages of Esr1 mice with secondary versus tertiary branching on whole mount analyses from cohorts with transgene induction at
age 12 months (end points: age 18m n Z 20, age 24m n Z 25, age 30m n Z 18). G: Bar graph showing relative percentages of Esr1 mice with secondary
versus tertiary branching on whole mount analyses from cohort with transgene induction at age 18 months (end point 24m n Z 25). H: Bar graphs showing
relative percentages of CYP19A1 mice with secondary versus tertiary branching on whole mount analyses from cohorts without transgene induction (end
points: age 12m n Z 15, age 18m n Z 26, age 24m n Z 24). I: Bar graphs showing relative percentages of CYP19A1 mice with secondary versus tertiary
branching on whole mount analyses from cohorts with transgene induction at age 12 months (end points: age 18m n Z 21, age 24m n Z 18, age 30m
n Z 11). J: Bar graph showing relative percentages of CYP19A1 mice with secondary versus tertiary branching on whole mount analyses from cohort with
transgene induction at age 18 months (end point 24m nZ 22). **P < 0.01, ***P < 0.001, and ****P < 0.0001 (Fisher exact test, two sided, GraphPad Prism
version 9.4.1). Scale bars Z 1000 mm (AeD). Original magnification, �0.5 (AeD).
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necropsy n Z 44; CYP19A1 age 12 months entered n Z 17,
end point n Z 15 (88%), cage death n Z 2; age 12.25
months entered n Z 6, end point n Z 6 (100%); age 18
months entered n Z 29, end point n Z 26 (90%), cage
death n Z 3; age 18.25 months entered n Z 6, end point
n Z 5 (83%), cage death n Z 1; age 24 months no trans-
gene induction nZ 40, end point nZ 24 (60%), cage death
n Z 5, early necropsy n Z 11; age 24m with 6m transgene
induction n Z 41, end point n Z 22 (54%), cage death
nZ 8, early necropsy nZ 11; age 24m with 12m transgene
induction n Z 37, end point n Z 19 (51%), cage death
n Z 7, early necropsy n Z 11; and age 30m with 18m
transgene induction entered n Z 82, end point n Z 11
(13%), cage death n Z 25, early necropsy n Z 35. Weights
for mice that reached specific cohort age end point: Esr1: 12
months 27 � 1 g, 12.25 months 31 � 2 g, 18 months 34 � 2
g, 18.25 months 35 � 2 g, 24 months no transgene induc-
tion 40 � 2 g, age 24m with 6m transgene induction 54 � 3
g, age 24m with 12m transgene induction 57 � 3 g, age 30m
with 18m transgene induction 38 � 3 g. CYP19A1: 12
months 30 � 1 g, 12.25 months 28 � 1 g, 18 months 30 � 1
g, 18.25 months 23 � 1 g, 24 months no transgene induc-
tion 33 � 1 g, age 24m with 6m transgene induction 32 � 1
g, age 24m with 12m transgene induction 37 � 2 g, age 30m
with 18m transgene induction 32 � 1 g. Five groups were
analyzed for mammary cancer development over time. Each
group consisted of all mice necropsied at a specified end
point as well as mice in that group subjected to early nec-
ropsy (n, mean weight � SEM): No transgene end point age
24 consisted of mice from age 0 to age 24 months without
transgene induction (Esr1 n Z 70, 34 � 2 g; CYP19A1
n Z 75, 31 � 1 g); transgene at age 18 end point age 24
months consisted of mice from age 18 to age 24 months
(Esr1 n Z 27, 52 � 3 g; CYP19A1 n Z 28, 32 � 1 g);
transgene at age 12 end point age 24 months consisted of
mice from age 12 to age 24 months (Esr1 nZ 48, 47 � 3 g;
CYP19A1 n Z 58, 32 � 1 g); transgene at age 12 end point
age 27 months consisted of mice from age 25 to age 27
Figure 2 Mouse estrogen receptor 1 (estrogen receptor a; Esr1) overexpression
curves of probability of hyperplastic alveolar nodules (HANs), mammary cancers, m
human cytochrome P450 family 19 subfamily A member 1 (aromatase; CYP19A1) m
n Z 70, CYP19A1 n Z 75). B: Kaplan-Meier curves of probability of HANs, ma
cancers in Esr1 and CYP19A1 mice with transgene induction at age 18m, end po
probability of HANs, mammary cancers, mammary adenocarcinoma, and mammary
at age 12m, end point age 24m (Esr1 nZ 48, CYP19A1 nZ 56). D: Kaplan-Meier c
and mammary adenosquamous cancers in Esr1 and CYP19A1 mice with transgene in
Kaplan-Meier curves of probability of HANs, mammary cancers, mammary adenoca
with transgene induction at age 12m, end point age 30m (Esr1 nZ 29, CYP19A1 n
24m: adenocarcinoma n Z 5 (19%), adenosquamous n Z 6 (12%). CYP19A1 no t
induction at age 18m, end point 24m: adenocarcinoma n Z 9 (36%), adenosqu
adenocarcinoma n Z 0, adenosquamous n Z 1 (5%). Esr1 transgene induction a
n Z 0. CYP19A1 transgene induction at age 12m, end point 24m: adenocarcinom
age 12m, end point 27m: adenocarcinoma n Z 12 (63%), adenosquamous n Z 0.
n Z 6 (26%), adenosquamous n Z 5 (19%). Esr1 transgene induction at age 12
(6%). CYP19A1 transgene induction at age 12m, end point 30m: adenocarcinoma n
and ****P < 0.0001 [log-rank (Mantel-Cox) test, GraphPad Prism version 9.4.0]
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months (Esr1 n Z 26, 36 � 3 g; CYP19A1 n Z 33, 32 � 1
g); transgene at age 12 end point age 30 months consisted of
mice from age 28 to age 30 months (Esr1 n Z 29, 37 � 2 g;
CYP19A1 n Z 11, 32 � 1 g). In preparation for assessing
relative transgene expression levels and performance of
RNA-sequencing (RNAseq) analyses, thoracic (number 2)
mammary glands were flash frozen in liquid nitrogen and
stored at �80�C. For each assay, randomly selected glands
from each cohort were thawed in Invitrogen Trizol reagent
(ThermoFisher Scientific, Waltham, MA) before homoge-
nization using a Qiagen Tissuruptor and Qiashredder (Qia-
gen, Hilden, Germany). RNA was isolated utilizing the
Direct Zol RNA miniprep kit (Zymo Research, Irvine, CA)
with quantification on a Qubit 2.0 Fluorometer (Qiagen) and
RNA integrity assessed by an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA). cDNA was generated using 1 mg
of RNA using the High Capacity RNA to cDNA kit
(Applied Biosystems, Waltham, MA) and Platinum Taq
DNA Polymerase (Invitrogen, Waltham, MA) used for
RT-PCR. For tet-opeEsr1, two unique primer pairs were
used and expression was normalized to b-actin expression
levels28: Sp3 pair: 50CCACACCAGCCACCACCTTC3’
(forward) and 50CCACTTCAGCACATTCCTTA30

(reverse); and Sp4 pair: 50GATGAGACAGCACAA
CAACC3’ (forward) and 50CAAAGGCATGGAGCAT
CTCT3’ (reverse); predicted sizes were 287 and 385 bp,
respectively. For tet-opeCYP19A1, one unique primer set
was used and expression was normalized to b-actin
expression levels15: tet-opeCYP19A1: 50CCTTGCACCCA
GATGAGACT3’ (forward) and 50GACAGCACAACAA
CCAGCAC3’ (reverse); predicted size was 134 bp.
Endogenous mouse b-actin: 5ATCGTGGGCCGC
CCTAGGCA3’ (forward) and 50TGGCCTTAGGGTT
CAGAGGG3’ (reverse); predicted size was 244 bp. PCR
amplicons were run on 2% agarose E-gels (Invitrogen) with
imaging by blue fluorescence on an Amersham Imager 600
(GE HealthCare, Chicago, IL). Relative pixel intensities for
amplicon bands for transgene expression were measured,
induces mammary adenocarcinomas in aging female mice. A: Kaplan-Meier
ammary adenocarcinoma, and mammary adenosquamous cancers in Esr1 and
ice without transgene induction from birth through age 24 months (m; Esr1
mmary cancers, mammary adenocarcinoma, and mammary adenosquamous
int age 24m (Esr1 n Z 27, CYP19A1 n Z 28). C: Kaplan-Meier curves of
adenosquamous cancers in Esr1 and CYP19A1 mice with transgene induction
urves of probability of HANs, mammary cancers, mammary adenocarcinoma,
duction at age 12m, end point age 27m (Esr1 nZ 26, CYP19A1 n Z 33). E:
rcinoma, and mammary adenosquamous cancers in Esr1 and CYP19A1 mice
Z 11). Cumulative number (percentage) for each cohort: Esr1 no transgene
ransgene: 24m n Z 2 (8%), adenosquamous n Z 9 (23%). Esr1 transgene
amous n Z 0. CYP19A1 transgene induction at age 18m, end point 24m:
t age 12m, end point 24m: adenocarcinoma n Z 5 (15%), adenosquamous
a n Z 7 (23%), adenosquamous n Z 6 (21%). Esr1 transgene induction at
CYP19A1 transgene induction at age 12m, end point 27m: adenocarcinoma
m, end point 30m: adenocarcinoma n Z 15 (61%), adenosquamous n Z 1
Z 2 (18%), adenosquamous nZ 0. *P < 0.05, **P < 0.01, ***P < 0.001,
.
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followed by normalization to the concurrent b-actin ampli-
con band for each sample to determine relative transgene
expression levels (Adobe Photoshop version 23.5.0, San
Jose, CA). Fold induction at 1 week compared with baseline
was calculated for each genotype independently at ages 12
and 18 months.

Mammary Gland Whole Mount Analysis

Carmine-alumestained inguinal (number 4) mammary
gland whole mounts were prepared,29 and visually exam-
ined with images taken at �0.5 utilizing a Nikon Eclipse
E800M microscope with a Nikon DXM1200 camera (Nikon
Instruments, Inc., Melville, NY). Each whole mount was
blindly scored by 2 to 4 independent observers (P.A.F,
W.W., B.L.R., V.M., or J.W.) for secondary versus tertiary
branching structure.30 Hyperplastic alveolar nodule (HAN)
numbers were counted.31 The final score was the majority
score, with images re-examined and final score set by P.A.F
in the event of tied scores.

Histology and ER a Immunohistochemistry

Inguinal (number 4) mammary glands were fixed in 10%
neutral formalin solution and embedded in paraffin, and
tissue longitudinal midgland sections (5 mm thick) were
used for hematoxylin and eosin staining and ER a immu-
nohistochemistry. Hematoxylin and eosin slides from all
cohorts were read blindly and scored for presence of
adenocarcinoma or adenosquamous carcinomas (P.A.F. or
W.W.). ER a protein expression in adenocarcinomas and
adenosquamous carcinomas was evaluated by ER immu-
nohistochemistry. ER a protein was detected utilizing rabbit
polyclonal antieestrogen receptor a (catalog number 06-
935; Millipore Sigma, Burlington, MA), 1:4800, 1 hour,
room temperature. Heat-induced epitope retrieval was
Figure 3 Mammary adenocarcinomas developing in aged mice are predominan
adenocarcinomas identified in mouse estrogen receptor 1 (estrogen receptor a;
matase; CYP19A1) mice with transgene expression induced at age 12 months (m)
used to characterize adenocarcinomas as ER positive (þ) or negative (e). Numbe
24m n Z 5, Esr1 27m n Z 12, Esr1 30m n Z 15, CYP19A1 24m n Z 7, CYP19A1 2
ERe, and not tested adenocarcinomas from Esr1 and CYP19A1 mice with transgen
Percentage established as ERþ: Esr1 24m 80%, Esr1 27m 100%, Esr1 30m 100%
established as ERe: CYP19A1 27m 17%. Overall: Esr1: n Z 31 tested, 100% ERþ

ERþ mammary adenocarcinoma from Esr1 mouse with transgene induction age 1
carcinoma from CYP19A1 mouse with transgene induction age 12m, end point age
mouse with transgene induction age 12m, end point age 27m. F: Representative im
induction age 12m, end point age 27m. G: Representative image of ERþ mammar
point age 30m. H: Representative image of ERþ mammary adenocarcinoma from
Representative image of ERþ mammary adenocarcinoma from CYP19A1 mouse with
numbers of adenosquamous carcinomas identified in Esr1 and CYP19A1 mice with t
30m. ER immunohistochemistry used to characterize adenocarcinomas as ERþ an
quamous carcinomas: Esr1 24, 27m n Z 0, Esr1 30m n Z 1, CYP19A1 24m n Z
percentages of ERþ, ERe, and not tested adenosquamous carcinomas from Esr1 an
end points 24, 27, and 30m. Percentage established as ERþ: CYP19A1 24m 67
Representative image of ERþ mammary adenosquamous carcinoma from CYP19A1
sentative image of ERþ mammary adenosquamous carcinoma from CYP19A1 mou
indicate representative cells with nuclear localized ER staining. Scale bars Z 10 m

node; Sq, squamous component of an adenosquamous cancer.
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performed by immersing tissue sections at 98�C for 20
minutes in 10 mmol/L citrate buffer (pH 6.0) with 0.05%
Tween followed by treatment with 3% hydrogen peroxide
and 10% normal goat serum (10 minutes each) before
application of primary antibody. After primary antibody
exposure, slides were exposed to a horseradish
peroxidaseelabeled polymer [30 minutes;
EnVisionþ System-HRP Labeled Polymer Anti-Rabbit,
K4003 (Agilent, Dako, Carpinteria, CA)] and 30-dia-
minobenzidine (5 minutes, Agilent, Dako) and counter-
stained with hematoxylin (Harris Modified Hematoxylin;
Fisher Scientific, Hampton, NH). ER a immunohisto-
chemistry was read by P.A.F. Digital images were taken at
�40 utilizing a Nikon Eclipse E800M microscope with a
Nikon DXM1200 camera.
RNAseq Analysis

Flash frozen thoracic (number 2) mammary glands were
stored at �80�C, thawed in Invitrogen Trizol reagent
(ThermoFisher Scientific), and homogenized using a Qiagen
Tissuruptor and Qiashredder (Qiagen). RNA was isolated
using Direct Zol RNA miniprep kit (Zymo Research),
quantified on a Qubit 2.0 or 4.0 Fluorometer (Qiagen), and
analyzed for RNA integrity using the Agilent 2100 Bio-
analyzer. Indexed, single-index sequencing libraries were
prepared from 1 mg ribosome depleted total RNA using
TruSeq Stranded Total RNA Library Preparation Human/
Mouse/Rat (Illumina, San Diego, CA). Sequencing was
performed using the Illumina NextSeq 550, SE 75-bp read
length; minimum reads �50 mol/L per sample. Sequencing
quality was checked using FastQC processing
version 0.11.9 (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc, last accessed October 30, 2022).
Contaminated adaptor and/or low-quality portions of
tly estrogen receptor a (ER)epositive. A: Bar graphs illustrating numbers of
Esr1) and human cytochrome P450 family 19 subfamily A member 1 (aro-
analyzed by end points 24, 27, and 30m. ER immunohistochemistry (IHC)
rs of samples not tested indicated. (Total number of adenocarcinomas: Esr1
7m n Z 6, CYP19A1 n Z 2). B: Bar graphs illustrating percentages of ERþ,
e expression induced at age 12m analyzed by end points 24, 27, and 30m.
, CYP19A1 24m 71%, CYP19A1 27m 83%, CYP19A1 30m 100%. Percentage
. CYP19A1: n Z 13 tested, 92% ERþ, 8% ERe. C: Representative image of
2m, end point age 24m. D: Representative image of ERþ mammary adeno-
24m. E: Representative image of ERþ mammary adenocarcinoma from Esr1
age of ERe mammary adenocarcinoma from CYP19A1 mouse with transgene
y adenocarcinoma from Esr1 mouse with transgene induction age 12m, end

Esr1 mouse with transgene induction age 12m, end point age 30m. I:
transgene induction age 12m, end point age 30m. J: Bar graphs illustrating
ransgene expression induced at age 12m analyzed by end points 24, 27, and
d ERe. Number of samples not tested indicated. (Total number of adenos-
6, CYP19A1 27m n Z 5, CYP19A1 30m n Z 0). K: Bar graphs illustrating
d CYP19A1 mice with transgene expression induced at age 12m analyzed by
%, CYP19A1 27m 80%. Overall: CYP19A1: n Z 8 tested, 100% ERþ. L:
mouse with transgene induction age 12m, end point age 24m. M: Repre-
se with transgene induction age 12m, end point age 27m. Black arrows
m (CeI, L, and M). Original magnification, �40 (CeI, L, and M). LN, lymph
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sequenced reads were trimmed using Trim Galore version 0.
6.5 (https://github.com/FelixKrueger/TrimGalore, last
accessed August 28, 2022). Trimmed reads were aligned
to the reference mouse genome (mm10), using STAR
version 2.7.9a.32 The batch effect was normalized using
RUVSeq version 1.26.0 with the RUVg method.33

Normalized expression levels were estimated by means of
transcripts per million (TPM) using RSEM version 1.3.1.34

Differentially expressed genes (DEGs) between genotypes
at each end point were identified using DESeq2.35 Genes
were considered statistically significantly differentially
expressed when adjusted P < 0.05. Protein coding DEGs
between models at each end point were identified, and
numbers visualized as expressed higher in Esr1 versus
CYP19A1 mice using bar graphs with each group analyzed
independently for enrichment in HALLMARK gene sets
(Gene Set Enrichment Analysis, Molecular Signatures
Database version 7.5.1, http://www.gsea-msigdb.org, last
accessed June 21, 2022).36,37 Bar graphs for presentation
of false discovery rate q-values and gene expression levels
by TPM for HALLMARK_ESTROGEN_RESPONSE_
LATE genes and heat maps for visualization of relative gene
expression levels of DEGs between models that overlapped
with the Prosigna PAM50 gene set6 were prepared using
GraphPad Prism version 9.4 (GraphPad Software, San
Diego, CA). RNAseq data generated as part of this study
were deposited in National Center for Biotechnology
Information’s Gene Expression Omnibus38 and are acces-
sible through series accession number GSE201767 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZGSE201767,
last accessed August 24, 2022).
Ovarian Follicle Counts

Ovarian follicle counts were determined by histologic eval-
uation after paraformaldehyde fixation, paraffin embedding,
and hematoxylin and eosin staining of microtome sections of
ovaries taken every 8 mm.39,40 Total numbers of primordial
follicles, primary follicles, preantral follicles, and antral fol-
licles were counted on every 10th section blindly without
knowledge of identity. Definition of follicles is as follows:
Figure 4 At age 24 months (m), mouse estrogen receptor 1 (estrogen recep
expression of cell proliferation genes. A: Bar graph presenting numbers of signifi
P450 family 19 subfamily A member 1 (aromatase; CYP19A1) mice with transgene
Bar graph presenting the six HALLMARK gene sets with the lowest false discovery ra
in Esr1 mice with transgene induction at age 18m, end point age 24m. C: Bar grap
values identified from significant DEGs expressed at higher levels in CYP19A1 mic
presenting numbers of significantly differentially expressed genes in Esr1 and
(adjusted P < 0.05, DESeq2). E: Bar graph presenting the six HALLMARK gene se
expressed at higher levels in Esr1 mice with transgene induction at age 12m, end p
lowest significant FDR q-values identified from significant DEGs expressed at higher
24m. G: Bar graph presenting numbers of significantly differentially expressed gen
age 30m (adjusted P < 0.05, DESeq2). H: Bar graph presenting the six HALLMARK g
DEGs expressed at higher levels in Esr1 mice with transgene induction at age 12m
with the lowest significant FDR q-values identified from significant DEGs expressed
point age 30m. Hallmark gene sets identified from Molecular Signatures Database v
21, 2022).
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primordial follicles: follicles with an oocyte, surrounded by a
single layer of squamous granulosa cells; primary follicles:
follicles that consist of an oocyte, surrounded by a single
layer of cuboidal granulosa cells; preantral follicles: follicles
containing an oocyte, surrounded by multiple layers of
cuboidal granulosa cells and theca cells; and antral follicles:
follicles that consist of an oocyte, surrounded by numerous
layers of cuboidal granulosa cells, theca cells, and a fluid-
filled antrum. Preantral and antral follicles were required to
have nuclear material present to avoid double counting. Total
number of follicles and number and percentage of each type
of follicle were recorded.

Statistical Analysis

Calculation of means and SEMs, generation of scatterplots,
bar graphs, and heat maps, evaluation of nonrandom asso-
ciations between tertiary and secondary branching using
Fisher exact test, generation of Kaplan-Meier curves, and
statistical analysis for significant differences by the log-rank
(Mantel-Cox) test and two-way analyses of variance were
performed utilizing GraphPad Prism version 9.4.1. The
number of asterisks applied indicates significance levels of
*P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. P < 0.05 was considered statistically
significant for all comparisons.

Results

Reproductive Senescence Significantly Alters Mammary
Gland Branching Patterns

Ovarian follicle counts were assessed over time to determine
the age when mice of each genotype entered into repro-
ductive senescence. Both Esr1 and CYP19A1 mice entered
into reproductive senescence by age 18 months with
significantly diminished follicle counts appearing with
advancing age (Supplemental Figure S1). The appearance of
secondary and tertiary branching patterns was similar in
Esr1 and CYP19A1 mice (Figure 1, AeD). The proportion
of mice exhibiting tertiary branching decreased significantly
with age and advancement through reproductive senescence
tor a; Esr1) transgene induction is associated with significantly elevated
cantly differentially expressed genes (DEGs) in Esr1 and human cytochrome
induction at age 18m, end point age 24m (adjusted P < 0.05, DESeq2). B:
te (FDR) q-values identified from significant DEGs expressed at higher levels
h presenting the six HALLMARK gene sets with the lowest significant FDR q-
e with transgene induction at age 18m, end point age 24m. D: Bar graph
CYP19A1 mice with transgene induction at age 12m, end point age 24m
ts with the lowest significant FDR q-values identified from significant DEGs
oint age 24m. F: Bar graph presenting the six HALLMARK gene sets with the
levels in CYP19A1 mice with transgene induction at age 12m, end point age

es in Esr1 and CYP19A1 mice with transgene induction at age 12m, end point
ene sets with the lowest significant FDR q-values identified from significant
, end point age 30m. I: Bar graph presenting the six HALLMARK gene sets
at higher levels in CYP19A1 mice with transgene induction at age 12m, end
ersion 7.51 (http://www.gsea-msigdb.org/gsea/index.jsp, last accessed June
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in both models (Figure 1, EeJ). Notably, even as secondary
branching predominated with age, tertiary branching per-
sisted in a small percentage of 30-montheold mice of both
genotypes, even though reproductive senescence was
completed (Figure 1, F and I). Esr1 mice demonstrated a
significantly higher prevalence of tertiary branching (44%)
than CYP19A1 mice (9%) at age 24 months following 6
months of transgene induction beginning at 18 months of
age (P Z 0.0098, Fisher exact test, GraphPad Prism version
9.4.1) (Figure 1, G and J). No significant differences in
follicle counts between mice with and without transgene
induction were found (data not shown).
Esr1 Transgene Induction Is Associated with a More
Significant Increase in Mammary Adenocarcinoma
Prevalence with Age than CYP19A1 Transgene Induction

To study the impact of age and transgene expression on
development of mammary preneoplasia and neoplasia,
prevalence rates of HANs and mammary cancer were
determined by examination of mammary gland whole mounts
and hematoxylin and eosin sections of mammary tissue. In
the absence of transgene induction by 24 months, there was
no significant difference in HAN or mammary cancer prev-
alence or distribution of mammary cancer histology between
adenocarcinoma and adenosquamous carcinomas
(Figure 2A). An age-related increase in prevalence of both
preneoplasia and neoplasia was seen, and both models
exhibited a significant proportion of adenosquamous carci-
nomas in the absence of transgene induction (Esr1 55%,
CYP19A1 82%). Transgene induction at age 18 months
resulted in a significant difference between the models in
mammary cancer, although not HAN, prevalence at age 24
months (Figure 2B). All mammary cancers that developed in
the presence of Esr1 transgene induction were adenocarci-
nomas, whereas the one mammary cancer found in CYP19A1
mice exhibited adenosquamous histology. A more extended
period of transgene induction beginning at age 12 months
was associated with development of mammary adenocarci-
nomas in both Esr1 and CYP19A1 mice aged 24 months
(Figure 2C). Esr1 mice developed only adenocarcinomas,
whereas histology of the mammary cancers that developed in
the CYP19A1 mice was evenly divided between adenocar-
cinomas and adenosquamous carcinomas. Examination of
mice between 25 and 27 months of age following transgene
induction at age 12 months similarly revealed a significantly
higher prevalence of mammary adenocarcinomas in the Esr1
mice, with histology again divided between adenocarcinoma
and adenosquamous carcinoma in the CYP19A1 mice
(Figure 2D). At age 30 months with transgene initiation at
age 12 months, Esr1 mice showed significantly higher
prevalence of HANs and mammary adenocarcinomas than
CYP19A1 mice (Figure 2E). In summary, time course ex-
periments demonstrated that Esr1 transgene induction at
either 12 or 18 months of age was reproducibly associated
112
with a higher prevalence of mammary adenocarcinomas than
CYP19A1 transgene induction.

Mammary Cancers Are Predominantly Estrogen
Receptor aePositive

Immunohistochemistry was performed to determine whether
the mammary cancers that developed in the Esr1 and
CYP19A1 mice were ERþ or ERe. Cancers were considered
ERþ if they exhibited nuclear-localized estrogen receptor a
staining in �1% of the cells. Most adenocarcinomas found in
the 24- to 30-montheold Esr1 and CYP19A1 mice were ERþ

(Figure 3, A and B). One adenocarcinoma that developed in a
CYP19A1 mouse was ERe. Notably, in all cancers tested, the
percentage of cells exhibiting nuclear-localized ER staining
was significantly >1%, with most exhibiting a large per-
centage of ERþ cells (Figure 3, CeI). The adenosquamous
carcinomas that developed in the CYP19A1 mice were also
ERþ (Figure 3, JeM). This experiment demonstrated that a
high proportion of the mammary cancers that developed in
the aged Esr1 and CYP19A1 mice showed a high percentage
of cells with ER positivity.

Esr1 Transgene Induction Is Associated with
Significantly Increased Expression Levels of Cell
ProliferationeRelated Genes

To test whether the significantly higher prevalence of
ERþ mammary adenocarcinomas in the Esr1 compared with
CYP19A1 mice was associated with significant transcriptome
differences, RNAseq was performed on whole mammary
gland tissue without palpable or visual tumor selected
randomly before histologic analyses. At age 24 months
following 6 months transgene expression, 2172
protein-coding significant DEGs were identified (adjusted P
< 0.05, DESeq2), 1282 expressed at higher levels in Esr1
and 890 in CYP19A1 mice (Figure 4A). DEGs in Esr1 mice
were prominently enriched in HALLMARK gene sets related
to cell proliferation (HALLMARK_G2M_CHECKPOINT,
HALLMARK_E2F TARGETS, and HALLMARK_MI-
TOTIC SPINDLE), whereas DEGs higher in CYP19A1 mice
were most significantly enriched in HALLMARK_MYO-
GENESIS, HALLMARK_ADIPOGENESIS, and HALL-
MARK_FATTY_ACID_METABOLISM (Figure 4, B and
C). At age 12 months following 12 months of transgene
expression, only 1122 protein-coding DEGs were identified,
with 615 higher in Esr1 and 507 higher in CYP19A1 mice
(adjusted P < 0.05, DESeq2) (Figure 4D). The most signif-
icant gene enrichment sets in Esr1 mice were again HALL-
MARK_G2M_CHECKPOINT, HALLMARK_E2F
TARGETS, and HALLMARK_MITOTIC SPINDLE
(Figure 4E). HALLMARK_MYOGENESIS and HALL-
MARK_ADIPOGENESIS were again the most significant
gene sets in CYP19A1 mice, with the third most significant
gene set being HALLMARK_EPITHELIAL_MESENCHY-
MAL_TRANSITION (Figure 4F). At age 30 months
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Figure 5 At age 24months (m),mouse estrogen receptor 1 (estrogen receptora; Esr1) transgene induction is associatedwith significantly elevated expression
of genes linked to a prognostic risk profile for human estrogen receptor aepositive (ERþ) breast cancer. A: Heat map comparing relative expression levels of
significantly differentially expressed genes (DEGs) that aremembers of the human ERþ/HER2e breast cancer prognostic Prediction Analysis of Microarray (PAM) 50
profile in Esr1 and human cytochrome P450 family 19 subfamily Amember 1 (aromatase; CYP19A1) mice with transgene induction age 18m, end point age 24m, and
transgene induction at age 12m, end points age 24 and 30 months. 1: Adjusted P< 0.05, DESeq2, Esr1 and CYP19A1 mice, transgene induction at age 18m, end
point age 24m. 2: Adjusted P< 0.05, DESeq2, Esr1 and CYP19A1mice, transgene induction at age 12m, end point age 24m. 3: Adjusted P< 0.05, DESeq2, Esr1 and
CYP19A1mice, transgene induction at age 12m, end point age 30m. Relative expression levels shown for unique individual samples (nZ 3 for each cohort). Yellow
indicates highest expression level, and dark blue indicates lowest expression level, for each gene.B:Bar graphs illustrating transcripts permillion (TPM) expression
levels of three representative proliferation-related genes [anillin, actin-binding protein (Anln), exonuclease 1 (Exo1), and marker of proliferation Ki-67 (Mki67)]
from the PAM50profile in Esr1 and CYP19A1mice at 24 and30months of age. Bi-directional bracket ends indicate all three genes expressed at significantly different
levels between genotypes. C: Bar graphs illustrating TPM expression levels of three representative estrogen-regulated genes [PTTG1 regulator of sister chromatid
separation, securin (Pttg1),MYC proto-oncogene, BHLH transcription factor (Myc), and transmembrane protein 45B (Tmem45b)] from the PAM50profile in Esr1 and
CYP19A1 mice at 24 and 30 months of age. Down-only bracket ends indicate single gene, and bidirectional bracket ends indicate all three genes expressed at
significantly different levels between genotypes. Data are given as means� SEM (B and C). *Adjusted P< 0.05 (DESeq2). Birc5, baculoviral IAP repeat containing
5; Ccnb1, cyclin B1; Ccne1, cyclin E1; Cdc20, cell division cycle 20; Cdc6, cell division cycle 6; Cdh3, cadherin 3; Cenpf, centromere protein F; Cep55, centrosomal
protein 55; Cxxc5, CXXC finger protein 5; E2F, E2 transcription factor; Foxa1, forkhead box A1; Foxc1, forkhead box C1; G2M, G2 phase; Kif2c, kinesin family member
2; KRAS, Kirsten rat sarcoma viral oncogenehomolog; Krt14, keratin 14; Krt17, keratin 17; Krt5, keratin 5;Mapt, microtubule-associated protein tau;Melk, maternal
embryonic leucine zipper kinase; Mia, MIA SH3 domain containing; Mybl2, MYB proto-oncogene like 2; NFKB, NF-kB; Pgr, progesterone receptor; Phgdh, phos-
phoglycerate dehydrogenase; Rrm2, ribonucleotide reductase regulatory subunit M2; Sfrp1, secreted frizzled-related protein 1; TNFA, tumor necrosis factor-a;
Tyms, thymidylate synthetase; WNT, wingless/integrated.
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following 18 months of transgene expression, 828 significant
DEGs were found, with 366 expressed at higher levels in
Esr1 and 462 at higher levels in CYP19A1 mice (adjusted P
< 0.05, DESeq2) (Figure 4G). At this age, HALLMAR-
K_ESTROGEN EARLY and HALLMARK_ESTROGEN
LATE were the most significant gene enrichment sets in the
Esr1 mice, whereas the most significant enrichment for the
CYP19A1 mice was HALLMARK_EPITHELIAL_ME-
SENCHYMAL_TRANSITION (Figure 4, H and I). Taken
together, with age and duration of transgene expression, there
was a step-wise decrease in overall numbers of DEGs with
cell proliferationerelated gene sets relatively enriched in the
Esr1 mice at age 24 months and estrogen responseerelated
gene sets at age 30 months. CYP19A1 mice showed a shift
toward relative enrichment of epithelial-mesenchymal tran-
sition genes with age and duration of transgene expression.

Many Proliferation-Related Genes Identified as
Significantly Differentially Expressed in Esr1 Mice Are
Found to Be Members of the Prosigna/PAM50 Breast
Cancer Prognostic Panel

The Prosigna/PAM50 gene profile provides prognostic in-
formation about distant recurrence breast cancer patients
with early-stage ERþ cancer.6 Of the 50 genes composing
the profile, 25 of them were significantly differentially
expressed at higher levels in the Esr1 mice and 5 in the
CYP19A1 mice at age 24 months (Figure 5A). TPM values
of representative proliferation- and estrogen-related genes
were compared at the two age 24-month and one age 30-
month end points, demonstrating that the lack of signifi-
cant difference between the two genotypes in TPM values at
the age 30-month end point was due to relative down-
regulation of these genes at age 30 months in the Esr1
mice (Figure 5B). Estrogen-regulated genes showed a
different pattern between the two models (Figure 5C). Pi-
tuitary tumor-transforming gene 1 regulator of sister chro-
matid separation, securin (Pttg1) was expressed at
significantly higher levels at both the age 24- and 30-month
end points in Esr1 mice. MYC proto-oncogene, basic helix-
loop-helix transcription factor (Myc) and transmembrane
protein 45B (Tmem45b) were expressed at significantly
different levels only at the age 30-month end point, with
Myc being expressed at higher levels in the Esr1 mice and
Tmem45b in the CYP19A1 mice.

Significant Differentially Expressed Cell
ProliferationeRelated Genes Appear in the Esr1 Mice
within 1 Week of Transgene Induction

To test how long after transgene induction significant differ-
ences in cell proliferation and PAM50 prognostic panel-related
genes appeared in the mice, RNAseq was performed on whole
mammary gland tissue without palpable or visual tumor
selected randomly before histologic analyses 1 week after
transgene induction at ages 12 and 18 months. Transgene
114
inductionwas confirmed at both ages in theEsr1 andCYP19A1
mice (Figure 6, A and B). At age 12 months, 1641 genes were
expressed at significantly higher levels inEsr1 and 1367 genes
in CYP19A1 mice (Figure 6C). Similar to results at age 24
months after 6 or 12 months of transgene induction, up-
regulated genes in Esr1 mice were significantly enriched in
cell proliferationerelated HALLMARK gene sets
(HALLMARK_G2M_CHECKPOINT, HALLMARK_E2F
TARGETS, and HALLMARK_MITOTIC SPINDLE)
(Figure 6D). Enrichment in an immunologically related gene
set, HALLMARK_ALLOGRAFT_REJECTION, was also
found.Again, similar to results at age 24 months, up-regulated
genes in CYP19A1 mice were enriched in HALLMARK_-
MYOGENESIS and HALLMARK_ADIPOGENESIS
(Figure 6E). A difference between the 24- and 12-month time
points was the presence of significant enrichment in HALL-
MARK_ESTROGEN_RESPONSEgene sets in bothEsr1 and
CYP19A1mice, albeit different genes in each genotype. At age
24 months, this was found only in the Esr1 mice. At age 18
months, 1843 genes were expressed at significantly higher
levels in Esr1 and 1485 genes in CYP19A1 mice (Figure 6F).
HALLMARK_G2M_CHECKPOINT, HALLMARK_E2F
TARGETS, and HALLMARK_MITOTIC SPINDLE were
again the most significantly enriched gene sets in Esr1 mice
(Figure 6G). HALLMARK_MYOGENESIS was the most
significantly enriched gene set in CYP19A1 mice, similar to
other time points (Figure 6H). Both genotypes showed
enrichment of the HALLMARK_ESTROGEN_RES-
PONSE_LATE gene set at this time point, again by definition,
the specific genes in the gene set being different between the
two genotypes. Of the 50 genes in the Prosigna/PAM50 gene
set, 23 were significantly differentially overexpressed in the
Esr1 compared with the CYP19A1 mice 1 week following
transgene induction, most at both 12 and 18 months of age
(Figure 7A). Similarly, TPM expression values showed
reproducible differences in relative expression levels of 15
identified ESTROGEN_RESPONSE_LATE genes between
models across both the 12- and 18-montheold end points
(Figure 7B).
Discussion

One significant aspect of the work is demonstrating that
mouse models of the most common human breast cancer
phenotype, ERþ adenocarcinoma, are useful when mice are
aged and carried through reproductive senescence. Because
the study focused on conditional GEMM with over-
expression of Esr1 and CYP19A1, it does not answer
whether additional GEMM might also exhibit a higher
prevalence of high percentage ERþ adenocarcinomas if they
were similarly aged through reproductive senescence.
However, this could be tested in future studies. Additional
GEMMs exist that develop ERþ mammary cancer, some
that only exhibit this phenotype when they advance through
reproductive senescence and are analyzed at ages beyond 20
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Figure 6 Significant differences in gene expression patterns appear within 1 week of transgene induction. A: Bar graph illustrates relative fold induction of
mouse estrogen receptor 1 (estrogen receptor a; Esr1) transgene expression in mammary tissue at 1 week over baseline. Ages 12 and 18 months (m) shown.
Results from two unique primer pairs (Sp3 and Sp4) shown. Esr1: Age 12m baseline nZ 1. Age 12m 1 week: nZ 2. Age 18m baseline nZ 2. Age 18m 1 week:
nZ 2. B: Bar graph illustrates relative fold induction of human cytochrome P450 family 19 subfamily A member 1 (aromatase; CYP19A1) transgene expression
in mammary tissue at 1 week over baseline. Ages 12 and 18m shown. CYP19A1: Age 12m baseline n Z 3. Age 12m 1 week: n Z 4. Age 18m baseline n Z 3.
Age 18m 1 week: n Z 3. C: Bar graph presenting numbers of significantly differentially expressed genes (DEGs) in Esr1 and CYP19A1 mice within 1 week of
transgene induction at age 12 months (adjusted P < 0.05, DESeq2). D: Bar graph presenting the six HALLMARK gene sets with the lowest significant false
discovery rate (FDR) q-values identified from significant DEGs expressed at higher levels in Esr1 mice with 1 week transgene induction at age 12m, end point
age 12.25 months. E: Bar graph presenting the six HALLMARK gene sets with the lowest significant FDR q-values identified from significant DEGs expressed at
higher levels in CYP19A1 mice with 1 week transgene induction at age 12m, end point age 12.25 months. F: Bar graph presenting numbers of significant DEGs
in Esr1 and CYP19A1 mice within 1 week of transgene induction at age 18 months (adjusted P < 0.05, DESeq2). G: Bar graph presenting the six HALLMARK
gene sets with the lowest significant FDR q-values identified from significant DEGs expressed at higher levels in Esr1 mice with 1 week transgene induction at
age 18m, end point age 18.25 months. H: Bar graph presenting the six HALLMARK gene sets with the lowest significant FDR q-values identified from significant
DEGs expressed at higher levels in CYP19A1 mice with 1 week transgene induction at age 18m, end point age 18.25 months. Hallmark gene sets identified from
Molecular Signatures Database version 7.5.1 (http://www.gsea-msigdb.org/gsea/index.jsp, last accessed June 21, 2022).
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months.41 A unique aspect of the conditional GEMM uti-
lized herein is that they can be studied at younger and older
ages, depending on when transgene expression is induced.
In prior studies, appearance of preneoplasia and cancer was
investigated in reproductive age Esr1 and CYP19A1 mice.
Herein, similarities in phenotype were found independent of
whether transgene expression was induced at age 12 or 18
months, but additional induction time points could be tested
in future experiments.

Aging through reproductive senescence in mice is
associated with appearance of mammary cancer, even in
the absence of transgene expression, as exhibited by the
24-montheold mice in the absence of transgene induc-
tion. Any study examining mammary cancer generation
in the presence of genetic manipulations needs to
consider this background prevalence. In previous studies,
Esr1 mice have been shown to develop
ERþ adenocarcinomas before reproductive senescence;
however, the appearance of cancers with high percent-
ages of ERþ cells has been limited to experiments where
Esr1 overexpression was combined with Brca1 deletion
with Trp53 haploinsufficiency or Simian virus 40 T-an-
tigen expression.25,42 Mammary adenocarcinomas devel-
oping in reproductive age CYP19A1 mice were generally
defined as ERe, in contrast to results found herein,
where most adenocarcinomas found were ERþ (with one
exception).

The mechanism underlying the higher prevalence of
ERþ breast cancer in women after menopause is postulated to
result from the higher numbers of proliferating ERþ cells
present in older compared with younger premenopausal
women, possibly due to dysregulated ESR1 expression.2,3,43

Herein, it is possible that induction of Esr1 expression in the
GEMM collaborated with similar changes found commonly
with age in mice to produce the higher prevalence of
ERþ cancer seen in the Esr1 compared with CYP19A1 mice.
Although overexpression of both Esr1 and CYP19A1 lead to
higher percentages of ERþ, progesterone receptor positive, and
proliferating mammary epithelial cells,15 at ages 12 and 18
months, Esr1 transgene induction introduced significantly
higher levels of several known estrogen response genes
compared with CYP19A1 mice. Analysis of significantly
differentially expressed genes between the two models at age
24 months at both transgene induction times and at age
30 months revealed persistent significant enrichment of
HALLMARK_ESTROGEN_RESPONSE_LATE genes.

Breast cancer is a highly prevalent cancer in women, but
not all women develop clinically significant breast cancer
during their lifetime, even if they age through their 90s.44 It
could be useful to develop prognostic tests for primary
breast cancer appearance just as has been suggested for
secondary breast cancer development and similar to what is
currently being developed using polygenic risk
scores.8,18,45e47 If at least some transcriptional changes in a
mouse model were to parallel changes found in women
linked to higher risk of mammary cancer development, the
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mouse model could theoretically be used to help develop
such a profile. To explore the possibility in the Esr1 and
CYP19A1 mice, an established multigene prognostic profile
developed for early-stage breast cancer, Prosigna/PAM50,
was queried.6,7 A profile employed for breast cancer prog-
nostication was utilized because of the absence of clinically
validated profiles for assessing primary breast cancer risk in
women. Interestingly, numbers of genes that are members of
the PAM50 profile were expressed at significantly higher
levels in Esr1 mice, whereas a small portion of genes
contained within this profile were found expressed at
significantly higher levels in the CYP19A1 mice. Notably,
significant differences in expression levels of these genes
preceded cancer development. Most were identified as
differentially expressed only 1 week after transgene
expression at 12- and/or 18-montheold time points,
consistent with the altered gene expression being mecha-
nistically involved in cancer risk. Alternatively, the genes
may only be markers of cancer risk, but either role would be
relevant to their use in a profile for assessing the risk of
breast cancer development.
In women and mice, mammary epithelial cell prolifera-

tion decreases with advancing age.1,23 Herein, the Esr1 mice
demonstrated lower expression levels of cell
proliferationerelated genes that are members of the PAM50
gene profile at the age 30-month end point compared with
the two 24-month end points. Representative examples
include Anln, Mki67, and Exo1, biomarkers of prognosis
with mechanistic links to breast cancer oncogenesis. Anillin
is required for cytokinesis that, when knocked down in
breast cancer cell lines, induces senescence.48 Marker of
proliferation Ki-67 is a well-established biomarker in breast
cancer prognosis that can be linked to multiple steps of
carcinogenesis from initiation through progression, metas-
tases, and immune and drug responses.49 Exonuclease 1 is a
multifunction exonuclease belonging to the mismatch repair
system.50e52 It displays higher expression at early stages in
breast as well as other cancers, and has genetic poly-
morphisms that are associated with varying levels of breast
cancer risk. Estrogen-regulated genes are linked to breast
carcinogenesis.53 Three estrogen-regulated genes that are
members of the PAM50 profile demonstrated significant
differences in expression between the two models even at
the age 30-month end point, 18 months after transgene in-
duction. Pituitary tumor transforming gene (PTTG) 1 is an
estrogen-regulated gene affecting cell cycle regulation, with
higher levels correlating with decreased survival in breast
cancer.54 MYC proto-oncogene, BHLH transcription factor
(MYC ) is an estrogen-regulated gene that contributes to
breast cancer genesis through multiple mechanisms.55,56

Tmem45b was one of the few PAM50 genes significantly
higher expressed in CYP19A1 than in Esr1 mice. It is an
estrogen-regulated gene whose expression in cancer cells
has been linked to changes in migration and invasion and is
considered a prognostic biomarker for different cancer
types.57e59
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Figure 7 Elevated expression of cell proliferation genes linked to human prognostic profile appears within 1 week of mouse estrogen receptor 1 (estrogen
receptor a; Esr1) transgene induction. A: Heat map comparing relative expression levels of differentially expressed genes (DEGs) that are members of the
human estrogen receptor aepositive (ERþ)/HER2e breast cancer prognostic Prediction Analysis of Microarray (PAM) 50 profile in Esr1 and human cytochrome
P450 family 19 subfamily A member 1 (aromatase; CYP19A1) mice with transgene induction for 1 week at ages 12 and 18 months. Relative expression levels
shown for unique individual samples (n Z 3 for each cohort). Yellow indicates highest expression level, and dark blue indicates lowest expression level, for
each gene. B: Bar graph illustrating transcripts per million (TPM) expression levels of 15 HALLMARK_ESTROGEN_RESPONSE_LATE genes expressed at signif-
icantly higher levels in Esr1 compared with CYP19A1 mice following 1 week transgene induction at 12 and/or 18 months of age (adjusted P < 0.05, DESeq2). 1:
Adjusted P < 0.05, DESeq2, Esr1 and CYP19A1 mice, transgene induction at age 12m, end point age 12.25m. 2: Adjusted P < 0.05, DESeq2, Esr1 and CYP19A1
mice, transgene induction at age 18m, end point age 18.25 m. Data are given as means � SEM (B). Acox2, acyl-coA oxidase 2; Areg, amphiregulin; Birc5,
baculoviral IAP repeat containing 5; Ca2, carbonic anhydrase 2; Ccnb1, cyclin B1; Cdc20, cell division cycle 20; Cdc6, cell division cycle 6; Cdh3, cadherin 3;
Cenpf, centromere protein F; Cep55, centrosomal protein 55; E2F, E2 transcription factor; Exo1, exonuclease 1; FDR, false discovery rate; Foxa1, forkhead box
A1; Foxc1, forkhead box C1; G2M, G2 phase; Gjb3, gap junction protein b 3; Id2, inhibitor of DNA binding 2; Kcnk5, potassium two pore domain channel
subfamily K member 5; Kif20a, kinesin family member 20A; Kif2c, kinesin family member 2; KRAS, Kirsten rat sarcoma viral oncogene homolog; Krt14, keratin
14; Krt17, keratin 17; Krt5, keratin 5; Mdk, midkine; Melk, maternal embryonic leucine zipper kinase; Mia, MIA SH3 domain containing; Mki67, marker of
proliferation Ki-67; Myc, MYC proto-oncogene, BHLH transcription factor; Pttg1, PTTG1 regulator of sister chromatid separation, securin; Rrm2, ribonucleotide
reductase regulatory subunit M2; S100A9, S100 calcium binding protein A9; SerpinA3g, serine protease inhibitor A3G; Sfrp1, secreted frizzled-related protein
1; Slc7a5, solute carrier family 7 member 5; Slc39a6, solute carrier family 39 member 6; Stil, STIL centriolar assembly protein; Tjp3, tight junction protein 3;
Top2a, DNA topoisomerase II a; Tyms, thymidylate synthetase.
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Significant differences in expression levels of estrogen
pathway genes were noted within 1 week of differential
transgene expression. Esr1 mice exhibited many more up-
regulated estrogen pathway genes than CYP19A1 mice. A
high proportion of the genes identified as DEGs are known to
be associated with breast cancer prognosis and/or pathways
related to carcinogenesis, including differentiation and pro-
liferation. Higher expression levels of carbonic anhydrase II,
tight junction protein 3, cell division cycle 20, kinesin family
member 20a, midkine, and gap junction protein b 3 in breast
cancer have been linked to poor prognosis.60e65 Stem cell
leukemia/T-cell acute leukemia 1 interrupting locus centriolar
assembly protein (STIL) is reported up-regulated in breast
cancer, and in other cancer types it has been linked to poorer
survival.66 DNA topoisomerase II a and solute carrier family
7 member 5 are discussed as prognostic markers for evalu-
ating the likelihood of invasive disease in patients with ductal
carcinoma in situ.67,68 S100 calcium binding protein a9 has
been defined as a marker for precancerous apocrine lesions in
the breast.69 Increased acyl-CoA oxidase 2 expression level
in ERþ breast cancers is reported associated with a better
prognosis.70 Amphiregulin expression in ERþ breast cancer
shows significant age-dependent differences with younger
(�45 years) compared with older (�70 years) patients
showing higher expression.71 Serpin family a member 3 is
reported expressed in the murine mammary epithelial stem-
like cell line, where it has been speculated it could prevent
stem cells from differentiating.72 Inhibitor of DNA binding 2
is considered a breast differentiation factor.73 Potassium two
pore domain channel subfamily K member 5 is an estrogen-
regulated gene linked to estrogen-induced proliferation in
breast cancer cells.74

In summary, the use of aged conditional GEMM with
mammary epithelial cell-targeted Esr1 and CYP19A1 expres-
sion enabled the identification of several candidate genes that
could be further investigated for use in human prognostic
profiles for primary and secondary breast cancer development.
The finding of a high proportion of ERþ mammary cancers
developing in these models with age past reproductive senes-
cence supports the concept that age and changes in reproduc-
tive hormone levels contribute to breast cancer phenotype,
specifically the higher prevalence of ERþ breast cancers in
aging women. Demonstration of a higher risk of mammary
cancer development with Esr1 compared with CYP19A1
overexpression illustrates the significance of estrogen receptor
a in breast cancer risk. The development of models and
experimental paradigms for studying ERþmammary cancer in
mice will contribute to further investigation of genetic risk
profiles, preventive interventions, and how mechanisms of
aging influence cancer risk.
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